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Abstract: Power to gas facilities (P2G) could absorb excess renewable energy that would otherwise 12 
be curtailed due to electricity network constraint by converting it to methane (synthetic natural 13 
gas). The produced synthetic natural gas can power gas turbines and realize bidirectional energy 14 
flow between power and natural-gas system. P2G therefore has significantly potential of unlocking 15 
inherent flexibility of the integrated system, but also pose new challenges of increased system 16 
complexity. Coordinated operation strategy that manages power and natural-gas network 17 
constraints together is essential to address such challenge. In this paper, a novel low-carbon 18 
economic environmental dispatch strategy is presented considering all the constraints in both 19 
systems. The multi-objective black-hole particle swarm optimization algorithm (MOBHPSO) is 20 
adopted. In addition to P2G, gas demand management strategy is proposed to support gas flow 21 
balance. A new solving approach that combines effective redundancy method, trust region method 22 
and Levenberg-Marquardt method is proposed to address the complex coupled constraints. Case 23 
studies that use integrated IEEE 39-bus power and Belgian high-calorific 20-node gas system 24 
demonstrate the effectiveness and scalability of the proposed model and optimization method. The 25 
analysis of dispatch results illustrates the benefit of P2G in the wind power accommodation, 26 
low-carbon, economic and environmental improvement of integrated system operation. 27 
Keywords: hybrid electricity-natural gas energy systems; power to gas (P2G); low-carbon; 28 
economic environmental dispatch; trust region method; Levenberg-Marquardt method    29 
 30 
1. Introduction 31 
With further acceleration of the low-carbon energy process, as well as the energy crisis, 32 
environmental pollution and other issues, the capacity of renewable energy sources is increased 33 
continuously. While, due to the intermittency and uncertainty of wind power as well as the lack of 34 
peak load regulation of power system, it is likely that more and more wind power generation will 35 
have to be curtailed in order to maintain the power system reliability [1]. To solve this problem, 36 
much research is carried out to explore practical means to reduce the curtailment of wind power 37 
generation. With the growing interdependence of power system and natural-gas system and the 38 
development of power to gas technologies [2-8], it creates operational interactions between power 39 
system and natural-gas system which could obtain additional benefits for both systems including 40 
reducing the curtailed wind power generation. On the one hand, the power system tends to require 41 
more flexible power energy from the natural-gas system to shift peak load whereby the gas-fired 42 
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units [3], which is conductive to the accommodation of wind power. On the other hand, the 43 
natural-gas system absorbs methane or hydrogen produced by P2G to guarantee the continuity of 44 
gas supply and the wind power energy will be stored and transported in the existing natural-gas 45 
system for generating low-carbon electricity or heat later [9-11], which uses the curtailed wind 46 
power directly. Therefore, the integrated electricity-natural gas energy systems with P2G have 47 
become one of the effective forms to reduce the curtailment of wind power generation. 48 
The diagram of integrated electricity-natural gas energy systems with P2G is shown in Figure 1. 49 
It can be seen that the power system and the natural-gas system exchange the energy whereby P2G 50 
and gas-fired units. When the curtailed wind power is converted to hydrogen or methane whereby 51 
power to hydrogen facilities (P2H) or power to methane facilities (P2M), P2G which includes P2H 52 
and P2M is the load of power system and the gas source of natural-gas system. Meanwhile, the 53 
gas-fired units are the load of natural-gas system and the generators of power system. Obviously, 54 
operation parameters of P2G, power system and natural-gas system are interrelated and interactive 55 
which can affect the operation cost, CO2 emissions, reliability and stability of both systems. 56 
Therefore, how to deal with the interactive relationship between power system and natural-gas 57 
system and how to achieve coordinated optimal operation with economic environmental benefits 58 
are the key issues for the integrated power system and natural-gas system. 59 
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Figure 1. Diagram of integrated electricity and natural-gas energy systems with P2G 61 
For the integrated electricity-natural gas energy systems, the initial research is focused on 62 
optimal power flow [12-15], unit commitment [16], optimal dispatch [17-19] and steady-state 63 
analysis [20] and system planning [21]. For the calculation of optimal power flow, the total operation 64 
cost is usually considered as optimal objective and the dual interior point method [12], the Monte 65 
Carlo method [13], the point estimation method [14] are adopted frequently. Some studies introduce 66 
energy hub to deal with the translation of different energies in the hybrid electricity-natural gas 67 
energy systems [13,17]. For the optimization of system operation, the operation of power system and 68 
the operation of natural-gas system are mostly optimized separately using the deterministic 69 
optimization methods or stochastic optimization methods [18]. For the steady-state analysis of the 70 
hybrid electricity-natural gas energy systems, basing on the steady-state analysis of power system, 71 
the analysis model of natural-gas system is realized by analogy analysis between power system and 72 
natural-gas system, and then the comprehensive steady-state analysis model of hybrid 73 
electricity-natural gas energy systems is given [20]. For the optimal system planning, a chance 74 
constrained programing approach is presented to minimize the investment cost of the integrated 75 
energy systems [21]. In these studies, P2G is not considered. While, as the coupling operation link of 76 
the power system and natural-gas system, P2G plays a more and more important role in wind power 77 
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accommodation with broad prospects and potential for energy development [22-24]. Therefore, it is 78 
necessary to carry out the research on optimal operation of integrated electricity-natural gas energy 79 
systems considering P2G. The early studies on P2G are mainly focused on technology 80 
implementation and security application [6, 25-28]. Recently, although some achievements about 81 
optimal operation of integrated electricity-natural gas energy systems considering P2G have been 82 
achieved [6-8, 24,29-38], it still seems to be in the exploratory stage from the following aspects.  83 
(1) Optimal objectives: The minimum total operation cost is mostly adopted [6, 24,29-32,37]. 84 
Only in a few studies, the maximum wind power accommodation [33] or the minimum energy 85 
purchase cost [34] or net power demand smoothness [38] is also considered as the objective. While, 86 
environmental benefit is rarely considered. As we know, the low-carbon and emission reduction 87 
requirements become more and more important. So it is necessary to take environmental benefit 88 
into consideration.  89 
(2) Optimal models: The operation model of power system and operation model of natural-gas 90 
system are mainly established separately basing on the two-level optimal power flow structure [6, 91 
30-32]. It seems that rare consideration is given to coordinated optimization between the two energy 92 
systems. 93 
(3) Optimal algorithms: Generally, the traditional algorithms are adopted in most studies, such 94 
as mix-integer linear programming method [3,24], mixed-integer quadratic programming method 95 
[37] and interior point method [35]. While, the intelligent optimization algorithms with high global 96 
search ability and fast convergence speed are rarely used. 97 
(4) Constraints handling methods: The constraints handling methods affect the operation 98 
results directly. While, few articles give full details about the constraints handling methods, 99 
especially for the complicated dynamic nodal balance constraint and volume limits of gas storage in 100 
the natural-gas system.  101 
On the above premises, this paper establishes the optimal operation model of the hybrid 102 
electricity-natural gas energy systems considering operation cost, natural-gas cost reduction due to 103 
P2G, CO2 emissions and SOx emissions to achieve low-carbon, economic and environmental benefits. 104 
The multi-objective black-hole particle swarm optimization algorithm (MOBHPSO) [39-42] is 105 
adopted. The power flow is calculated using Newton-Raphson method. And the non-linear gas flow 106 
equations are solved by trust region method [43-44] and Levenberg-Marquardt (L-M) method 107 
[45-46], respectively. The gas demand management strategy is proposed to balance the gas flow. 108 
Moreover, the detailed handling methods of inequality constraints in natural-gas system are also 109 
given in this paper. Several case studies are carried out on a hybrid IEEE 39-bus power system and 110 
Belgian high-calorific 20-node gas system in a period of 24 hours to investigate the low-carbon, 111 
economic and environmental benefits of P2G in terms of cost reduction (6.165×105$), rate decline of 112 
wind curtailment (from 24.85% to 4.04%), CO2 emissions reduction (3630 ton) and SOx emissions 113 
reduction (0.254 ton).  114 
2. Problem Formulation 115 
The optimal low-carbon economic environmental dispatch problem of hybrid 116 
electricity-natural gas energy systems with P2G is a complicated non-convex, coupled, non-linear, 117 
multi-objective and multi-constraint optimization problem. It contains three parts: the first one is the 118 
optimization of power system; the second one is the optimization of natural-gas system; and the last 119 
one is the coordination of the hybrid electricity-natural gas energy systems. The flow chart of this 120 
optimization problem is shown in Figure 2. Each part of the flow chart will be described in details. 121 
2.1 Optimal economic environmental dispatch of power system 122 
2.1.1 Objectives 123 
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Where Fp is the fuel cost of power system; NG is the number of power generations; T is the 124 
number of time periods; PGi (t) is the power generation output at time t ; ai, bi, ci are coefficient of the 125 
fuel cost; ESOx is the pollutant emission of SOx; αi, βi, γi, δi, λi are coefficient of the pollutant emission; 126 
Lp is the load loss rate presenting the reliability of power supply; NP2G is the number of P2G; PL(t) is 127 
the power load at time t; PP2G (t) is the power supplied to the P2G facilities at time t.  128 
The power output of gas-fired units is calculated by the product of the gas flow injected to the 129 
gas-fired units QGT(t), higher heating value of natural gas HHVg and the energy conversion efficiency 130 
ηGT(t). In this paper, the last objective is converted into a constraint by being less than a given value ε. 131 
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Figure 2. Flow chart 133 
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2.1.2 Constraints 134 
(1) Power output limits 135 
min max
G G ( )i i GiP P t P≤ ≤  (4) 
Where 𝑃𝑃𝐺𝐺𝐺𝐺
min and 𝑃𝑃𝐺𝐺𝐺𝐺max represent the minimum power output and maximum power output of 136 
unit i, respectively. 137 
(2) Ramp rate limits 138 
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Where Δ𝑃𝑃𝐺𝐺𝐺𝐺
𝑢𝑢𝑢𝑢  and  Δ𝑃𝑃𝐺𝐺𝐺𝐺𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  represent the ramp up rate and the ramp down rate of unit i, 139 
respectively. 140 
(3) Line capacity limit 141 
max( )l lS t S≤  (6) 
Where 𝑆𝑆𝑙𝑙
max is the maximum capacity of line l. 142 
2.2 Optimal low-carbon economic dispatch of natural-gas system considering P2G 143 
2.2.1 Objectives 144 
(1) Minimum the operational cost of natural-gas system 145 
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Where Cwell, Cgs, CP2G represent the operation cost of gas wells, the operation cost of gas storage, 146 
the operation cost of P2G, respectively. SP2G is the saved natural-gas cost due to the P2G. Nw, Ngs 147 
represent the number of gas wells and the number of gas storage, respectively; Qwn(t) is the gas flow 148 
of gas well n; uwn(t) is the gas price of gas well n at time t; Qgs,m(t) is the gas flow of gas storage m at 149 
time t (It is positive for inflow and negative for outflow); ugs,m(t) is the storage price for gas storage m 150 
at time t; uP2G,k is the operation cost of P2G k; QP2G,k(t) is the gas flow of P2G k at time t; uave(t) is the 151 
average gas price (In this paper, it is the average price of gas wells). 152 
 (2) Minimum the CO2 emissions of the natural-gas system 153 
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Where ECO2 represents CO2 emissions of the natural-gas system； Ewn(t), Egs,m(t) are the CO2 154 
emissions of gas well n, gas storage m at time t, respectively; EP2G,k(t) is the amount of CO2 absorbed 155 
by the methanation process of P2G k at time t. 156 
2.2.2 Constraints 157 
(1) Gas flow limits of gas wells 158 
min max( )wn wn wnQ Q t Q≤ ≤  (13) 
Where 𝑄𝑄𝑤𝑤𝑤𝑤
min, 𝑄𝑄𝑤𝑤𝑤𝑤max represent the minimum gas flow and the maximum gas flow of gas well n, 159 
respectively. 160 
(2) Gas pressure limits of gas nodes 161 
min max( )≤ ≤i i iM M t M  (14) 
   Where Mi(t) represents gas pressure of gas node i at time t. 𝑀𝑀𝐺𝐺
min and 𝑀𝑀𝐺𝐺maxare the minimum 162 
and maximum gas pressure of gas node i. 163 
(3) Gas flow equation of pipelines 164 
The natural-gas system satisfies the mass conservation law of fluid dynamics and Bernoulli 165 
equation in the operation. The relationship between gas flow of pipelines and gas pressure of gas 166 
nodes can be modeled as follows [12, 35]. 167 
( )2 2( ) ( ) ( ) ( )ij ij ij i jQ t Q t C M t M t= −  (15) 
( ) ( )
( )
2
in out
ij ij
ij
Q t Q t
Q t
+
=  (16) 
Where Qij(t) is the average gas flow of pipeline ij (Pipeline ij is the pipeline between gas node i 168 
and gas node j); 𝑄𝑄𝐺𝐺𝑖𝑖𝐺𝐺𝑑𝑑 (t) and 𝑄𝑄𝐺𝐺𝑖𝑖
𝑑𝑑𝑢𝑢𝑜𝑜 (t)are the injection and withdrawal gas flow of pipeline ij, 169 
respectively；Cij is a constant related to the length, diameter, temperature and compressibility factor 170 
of pipeline ij. 171 
(4) Line pack equation 172 
Due to the compressibility of natural gas, the injection gas flow and the withdrawal gas flow of 173 
the same pipeline would be different. Some excess natural gas can be stored in the pipelines, which 174 
is called line pack. The line pack of pipeline ij is related to the average pressure and its own 175 
parameters of pipelines, which can be modeled as below [12,15].   176 
( ) ( )ij ij ijL t M tω=  (17) 
( ) ( )
( )
2
i j
ij
M t M t
M t
+
=  (18) 
( ) ( 1) ( ) ( )in outij ij ij ijL t L t Q t Q t= − + −  (19) 
Energies 2019, 12, x FOR PEER REVIEW 7 of 18 
 
Where Lij(t) is the line pack of pipeline ij at time t; ωij is a constant related to pipeline parameters, 177 
gas constant, compressibility factor, gas density and gas temperature. 178 
(5) Nodal gas flow balance equation 179 
For each gas node, the gas flows into the node must equals the gas flows out of the node. 180 
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Where, the first three items are the gas flow of gas wells, gas storage and P2G located at gas 181 
node i at time t,respectively; QGT,i(t) and QLi(t) indicate the gas flow injected to gas-fired units and the 182 
gas load at gas node i at time t, respectively; Set_I(i) is the set of pipeline ij which lets gas node i as 183 
the input node; Set_O(i) is the set of pipeline ij which lets gas node i as the output node. 184 
 (6) Gas flow limits and capacity limits of gas storage 185 
min max
, , ,( )gs m gs m gs mQ Q t Q≤ ≤  (21) 
min max( )≤ ≤m m mV V t V  (22) 
,( ) ( 1) ( )= − +m m gs mV t V t Q t  (23) 
Where 𝑄𝑄𝑔𝑔𝑔𝑔,𝑚𝑚min  and 𝑄𝑄𝑔𝑔𝑔𝑔,𝑚𝑚max  are the minimum and maximum gas flow of gas storage m, 186 
respectively; Vm(t), 𝑉𝑉𝑚𝑚
min, 𝑉𝑉𝑚𝑚maxare the capacity of gas storage m at time t, the minimum and maximum 187 
capacity of gas storage m, respectively; When the gas is injected to the gas storage, Qgs,m(t) is positive, 188 
otherwise is negative. 189 
 (7) Compressor 190 
The compressors are used to boost the pressure of the natural-gas network, which can help the 191 
natural gas transporting to each gas load. In this paper, the energy consumed by the compressors is 192 
calculated by using natural gas flow through the compressors. The consumed gas flow of 193 
compressor r, Qconsume cr (t), is calculated as presented below [15]. 194 
( ) ( )consumecr cr crQ t P tβ=  (24) 
( ) ( )( ) 1
( )
cr or
cr
cr ir
Q t M tP t
M t
τ
η τ
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 (25) 
Where βcr is energy conversion coefficient of compressor r; Pcr(t) is the consumed energy by 195 
compressor r; Qcr(t) is the gas flow flowing through compressor r at time t; ηcr is the efficiency of 196 
compressor r; τ=(α-1)/α and α is variability index of compressors; Mor(t) and Mir(t) are the pressure of 197 
output node and input node of compressor r, respectively. 198 
 (8) Gas flow limit of P2G 199 
min max
2 , 2 , 2 ,( )≤ ≤P G k P G k P G kQ Q t Q  (26) 
Where 𝑄𝑄𝑃𝑃2𝐺𝐺,𝑘𝑘min  and 𝑄𝑄𝑃𝑃2𝐺𝐺,𝑘𝑘max  are the minimum and maximum gas flow of P2G k, respectively. 200 
2.3 Gas demand management strategy to coordinate the two energy systems 201 
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When the pressure of some gas nodes is higher than the maximum pressure or lower than the 202 
minimum pressure, which means the gas demand and the gas supply is not balanced on these gas 203 
nodes, then the gas demand management strategy is used. The main idea is to adjust the gas flow of 204 
gas turbines to achieve the gas demand balance, which means changing the power output of 205 
gas-fired units. Then the power output of units in power system will be adjusted. 206 
2.4 Constraints handling methods 207 
The constraints of power system are handled using the methods presented in [39]. And in this 208 
paper, the constraints of natural-gas system are handled by the proposed method as shown below. 209 
2.4.1 Equality constraints handling method 210 
In this paper, the set of non-linear constraints equations (15)-(20) of the natural-gas system are 211 
solved by trust region algorithm [43-44] and Levenberg-Marquardt algorithm (L-M) [45-46]. Trust 212 
region and L-M methods are both simple and powerful tools for solving systems of nonlinear 213 
equations and large-scale optimization problems. They have the advantages of guaranteeing a 214 
solution whenever it exists [43-46]. In this paper, trust region method and L-M method are used to 215 
solve the gas flow non-linear equations, respectively. And the optimization results are compared in 216 
the case studies. 217 
2.4.2 Inequality constraints handling method 218 
For the inequality constraints (13)(14)(21)(22)(26), the gas flow is the minimum when it is lower 219 
than the minimum value and the gas flow is the maximum when it is over the maximum value. For 220 
the gas storage volume constraint, the effective redundancy method is proposed in this paper. The 221 
details of this method are as below. 222 
a) For gas storage m at time t; 223 
b) If Vm(t)≤Vmin m , calculate ΔV = V
min 
m  - Vm(t); 224 
c) For ii = 1:t, calculate the gas flow redundancy of gas storage m at time ii. ΔQgs(ii) =min{ Qmax gs,m - 225 
Qgs,m(ii), Vmax m  - Vgs,m(ii) }; If the gas node where the gas storage m is connected with P2G, ΔQP2G(ii) 226 
= Qmax P2G - QP2G(ii), the effective redundancy ΔQ(ii)=min{ΔQgs(ii), ΔQP2G(ii)}; else, ΔQ(ii)= ΔQgs(ii). 227 
Then, arrange ΔQ in descending order; 228 
d) According to the descending order, QP2G(ii) and Qgs,m(ii) are adjusted successively until Vm(t)≥Vmin m ; 229 
e) Update Vm(t); 230 
f) If Vm(t)≥Vmax m , calculate ΔV = Vm(t)- Vmax m ; 231 
g) For ii = 1:t, calculate the gas flow redundancy of gas storage m at time ii. ΔQgs(ii) =min{ Qgs,m(ii) –  232 
Qmin gs,m , Vgs,m(ii) - Vmin m }; If the gas node where the gas storage m is connected with P2G, ΔQP2G(ii) = 233 
QP2G(ii) - Qmin P2G , the effective redundancy ΔQ(ii)=min{ΔQgs(ii), ΔQP2G(ii)}; else, ΔQ(ii)= ΔQgs(ii). 234 
Then, arrange ΔQ in descending order; 235 
h) According to the descending order, QP2G(ii) and Qgs,m(ii) are adjusted successively until Vm(t)≤Vmax m ; 236 
i) Update Vm(t). 237 
3. Case Studies Application 238 
3.1 Description of case studies  239 
The hybrid electricity-natural gas energy systems shown in Figure 3 is composed by the revised 240 
IEEE 39-bus power system[35] and Belgian high-calorific 20-node gas system [3]. The IEEE 39-bus 241 
power network has 46 branches, 5 coal-fired units, 3 gas-fired units and 2 wind power units, where 242 
the capacity of wind power units accounts for 35% of the total installed capacity of 3903 MW. The 243 
Belgian high-calorific 20-node gas system has 24 pipelines, 2 gas wells, 3 gas storages and 2 244 
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compressors. The parameters of the power system are from [35,40] and the parameters of natural 245 
gas system are from [3]. The revised parameters are shown in Table 1 and Table 2 (inflow of gas 246 
storage is positive and outflow of gas storage is negative). Gas pressure limits of gas nodes are given 247 
in Table 3. Power demand and gas demand are given in Table. 3. In addition, the theoretical 248 
predicted wind power output is given in Figure 4. The efficiency of P2G process is taken as 64% [6]. 249 
Wind curtailment cost is set as 100 $/MWh [47]. The short-term optimal dispatch for this hybrid 250 
energy system is studied to illustrate the behavior of the proposed model, the adopted algorithm 251 
and the proposed constraints handling methods in several case studies. These case studies are 252 
simulated with a low level of initial line pack (0.5 Mm3). In addition, all the case studies are 253 
implemented using MATLAB language programming. 254 
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Figure 3. The hybrid electricity-natural gas energy systems 256 
Table 1. Parameters of power units 257 
Power units Pmax/MW Pmin/MW Ramp up rate /MW/h Ramp down rate/MW/h 
Coal-fired unit 1 470 150 80 80 
Coal-fired unit 2 470 135 80 80 
Coal-fired unit 3 340 73 80 80 
Coal-fired unit 4 300 60 50 50 
Coal-fired unit 5 243 73 50 50 
Gas-fired unit 1 260 0 260 260 
Gas-fired unit 2 230 0 230 230 
Gas-fired unit 3 220 0 220 220 
Wind power unit 1 750 0 750 750 
Wind power unit 2 620 0 620 620 
Table 2. Parameters of gas storage 258 
Gas storage 
No. 
Initial 
capacity/Mm3 
Max capacity 
/Mm3 
Min capacity 
/Mm3 
Max gas flow 
/Mm3/h 
Min gas flow 
/ Mm3/h 
Gas Storage 1 1.5 3.5 0 0.35 -0.20 
Gas Storage 2 2.0 4.5 0 0.45 -0.25 
Gas Storage 3 1.5 3.5 0 0.35 -0.25 
Table 3. Gas pressure limits of gas nodes 259 
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Node No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
Mmin/bar 30 30 30 30 10 10 30 30 50 50 30 30 30 30 15 15 25 25 15 15 
Mmax/bar 100 100 100 80 80 80 80 70 70 77 70 70 70 70 70 70 70 70 70 70 
 260 
 261 
Table 4. Power demand and gas demand 262 
Time/h 1 2 3 4 5 6 7 8 9 10 11 12 
Power demand/MW/h 1272 1188 1104 960 1080 1320 1476 1584 1740 1776 1800 1860 
Gas demand/ Mm3/h 1.03 0.97 0.92 0.98 0.99 1.03 1.23 1.45 1.79 1.83 1.74 1.61 
Time/h 13 14 15 16 17 18 19 20 21 22 23 24 
Power demand/MW/h 1680 1560 1320 1104 1416 1680 1800 2040 1860 1632 1344 1116 
Gas demand/ Mm3/h 1.46 1.42 1.39 1.38 1.39 1.30 1.26 1.19 1.15 1.15 1.12 0.97 
 263 
Figure 4. Predicted output of wind power units 264 
3.2 Analysis of simulation results 265 
The Newton-Raphson method is used to obtain the power flow. Trust region method and L-M 266 
method are used to solve the non-linear equations to obtain the gas flow in natural-gas system, 267 
respectively. Furthermore, MOBHPSO [39-42] is used to optimize the multi-objective dispatch 268 
problem of hybrid electricity-natural gas energy systems based on the established models 269 
(1)(2)(3)(7)(12), the proposed flow chart (Figure 2.) and the proposed constraints handling methods. 270 
The optimization results are shown in Table 5 and Table 6. And all the constraints are satisfied. The 271 
comparisons of power output and gas flow among different case studies are given in Figure 5 and 272 
Figure 6, respectively. Moreover, it can be found the different performance of trust region method 273 
and L-M method from Figure 7 and Table 6. The wind power absorbed by P2G and the gas flow of 274 
P2G are shown in Figure 8. The volume of gas storages is given in Figure 9. And the gas pressure of 275 
each gas node can be found in Appendix A.  276 
From the obtained results, it can be seen that power output, gas flow of gas wells, gas flow of 277 
P2G, gas flow of gas storages, volume of gas storages and gas pressure of gas nodes all satisfy their 278 
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respective upper and lower bound constraints. Besides, the nodal gas flow balance equation is 279 
satisfied. Moreover, power demand and power supply are balanced which can be drawn from the 280 
calculated load loss rate Lp=6.37×10-18. Then the above results show that all the constraints are 281 
satisfied using the proposed constraints handling methods. 282 
Table 5. Optimization results of the power system 283 
 Fuel cost (M$) SOx emission(ton) 
Without P2G 1.080 38.193 
With P2G 1.084 37.939 
Table 6. Optimization results of the natural-gas system 284 
  
Cost of 
natural-gas 
/M$ 
CO2 
emission 
/104 ton 
Rate of 
abandoned  
wind 
power 
Operation 
cost of 
P2G 
/M$ 
Absorbed CO2 by the 
methanation process 
/104 ton 
Increased wind 
power by P2G 
/MWh 
Without 
P2G 
Trust 
Region 
0.741 5.791 24.85% 0 0 0 
L-M 0.695 5.790 24.85% 0 0 0 
With P2G 
Trust 
Region 
0.732 5.727 6.71% 0.106 0.056 5321.66 
L-M 0.685 5.491 4.04% 0.122 0.064 6104.48 
 285 
Figure 5. Comparison of power output without P2G and with P2G  286 
3.2.1 Effects of P2G on the power system  287 
(1) From Table 5 and Figure 5, it can be seen that the fuel cost of power system with P2G is a 288 
little higher than that without P2G. At the hour 20, owing to the gas injection from P2G, the pipeline 289 
pressure is higher than the maximum value, so the ‘gas demand management strategy’ is used and it 290 
needs to increase the gas demand by increasing the output of gas-fired units connected with gas 291 
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node 5 and 14. Then, to guarantee the power load balance, the output of coal-fired units would be 292 
reduced. Because the fuel cost of gas-fired units is higher than that of coal-fired units and the SOx 293 
emissions of gas-fired units are lower than that of coal-fired units, it leads to increase of fuel cost 294 
and decline of SOx emissions. And the SOx emissions are reduced by 0.254 ton. In addition, from 295 
Figure 8, most abandoned wind power can be absorbed by P2G. During hours 3-5, P2G works at its 296 
maximum value when the abandoned wind power is over the maximum capacity of P2G. Owing to 297 
the P2G, the wind power output is much smoother and so is the output of coal-fired units, which is 298 
propitious to the stability and reliability of the power system. 299 
(2) From Table 6 and Figure 7(a), it is obvious that the rate of abandoned wind power is 300 
declined from 24.85% to 6.71% (trust region) and from 24.85% to 4.04% (L-M), respectively; The 301 
wind power output is increased by 5321.66MWh (trust region) and 6104.48MWh (L-M), respectively.  302 
 303 
Figure 6. Comparison of gas flow without P2G and with P2G 304 
 305 
Figure 7. Results comparison of trust region method and L-M method 306 
3.2.2 Effects of P2G on the natural-gas system 307 
From Figure 6 and Figure 9, it’s obvious that the gas flow of gas wells and gas storages is lower 308 
when P2G is considered. Besides, the volume of gas storages with P2G is much larger than that 309 
0 5 10 15 20 25Time/h
-1
0
1
2
G
as
 fl
ow
 /M
m
³/h
(a) Gas flow of natural-gas system(without P2G)
gas well gas storage
0 5 10 15 20 25Time/h
-1
0
1
2
G
as
 fl
ow
 /M
m
³/h
(b) Gas flow of natural-gas system(with P2G)
gas well gas storage
0 5 10 15 20 25
Time/h
0
0.02
0.04
G
as
 fl
ow
 /M
m
³/h
(c) Gas flow of P2G
without P2G
with P2G
(a) Wind curtailment comparison
with P2G without P2G
0
1000
2000
3000
4000
5000
6000
7000
8000
W
in
d 
cu
rta
ilm
en
t /
M
W
trust region method
L-M method
(b) Cost of the hybrid energy systems
 considering wind curtailment cost
with P2G without P2G
0
0.5
1
1.5
2
2.5
3
C
os
t /
M
$
trust region method
L-M method
Energies 2019, 12, x FOR PEER REVIEW 13 of 18 
 
without P2G. This is because the economic, clean and low carbon energy converted by P2G from 310 
wind power has the priority of use compared with that from natural gas network, which creates 311 
considerable economic and environmental benefits for the integrated energy systems. The cost 312 
benefit of P2G is evaluated in terms of the natural gas cost which it displaces. From Table 6 , it can be 313 
seen the gas cost is reduced by 9000 $ (trust region) and 10000$ (L-M), respectively; Moreover, the 314 
environmental benefit of P2G in terms of CO2 reduction and CO2 absorbed in the P2G methanation 315 
process is measured. The total CO2 emissions are declined by 1200 ton (trust region) and 3630 ton 316 
(L-M), respectively. 317 
 318 
Figure 8. Wind power absorbed by P2G and the gas flow of P2G 319 
 320 
Figure 9. Volume of gas storages without P2G and with P2G 321 
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3.2.3 Total cost reduction of the hybrid energy systems 322 
The total cost of the hybrid electricity-natural gas energy systems including the wind power 323 
curtailment cost is reduced by 5.372×105$ (trust region) and 6.165×105$ (L-M), which can be seen 324 
from Figure 7(b).  325 
It can be concluded that the proposed model, the proposed constraints handling methods are 326 
effective and the feasibility of MOBHPSO algorithm for solving the multi-objective optimal dispatch 327 
problem of the hybrid electricity-natural gas energy systems is indicated. Moreover, the trust region 328 
method and L-M method are effective to solve the nonlinear gas flow problem. And it also can be 329 
seen that the results obtained from L-M method is much better than those obtained from trust region 330 
method.  331 
4. Conclusion 332 
This paper presented a multi-objective optimal dispatch model of the hybrid electricity-natural 333 
gas energy systems coupled by P2G and gas turbines, in order to achieve the maximum of 334 
low-carbon economic environmental benefits. The proposed model provides not only enhanced 335 
flexibility as it easily handles bidirectional energy flow and guarantees global optimality, but also 336 
considers the compressibility of gas, line pack of pipelines among other complicated system 337 
characteristics. The nonlinear and non-convex functions of gas flow model are addressed by trust 338 
region method and L-M method. And the L-M method has much better performance which can be 339 
drawn from the simulation results. Moreover, the case studies simulation results show the feasibility 340 
of MOBHPSO algorithm for solving the multi-objective optimal dispatch problem of the hybrid 341 
electricity-natural gas energy systems and the effectiveness of proposed constraints handling 342 
methods. The obtained results also illustrate that P2G can significantly benefit the operation of both 343 
power system and natural gas system in smoothing power output, cutting down gas cost, reducing 344 
CO2 emissions and SOx emissions as well as avoiding wind curtailment. More specifically, the gas 345 
cost is cut down up to 10000 $, the total CO2 emissions are declined up to 3630 ton and the SOx 346 
emissions are reduced by 0.254 ton as well as the wind power curtailment is decreased up to 6104.48 347 
MWh with the rate of abandoned wind power declined from 24.85% to 4.04%. Besides, the total cost 348 
including wind power curtailment cost is reduced up to 6.165×105 $.  349 
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Appendix A 357 
Table A1. Gas pressure of each gas node 358 
Node No. 1 2 3 4 5 6 7 8 9 10 
Hour 1 74.7469 73.8385 72.5356 56.7444 45.5189 41.0362 42.8709 43.8394 55.7467 61.3213 
Hour 2 67.0635 66.5001 65.6495 55.1170 39.9237 38.1803 40.9818 45.8246 50.2401 55.2641 
Hour 3 70.9782 70.6287 69.6258 56.8556 53.1330 46.9431 47.4426 40.3510 54.5096 59.9605 
Hour 4 67.7032 67.1715 66.3961 57.2499 70.7133 54.9508 54.2037 42.9448 53.3986 58.7385 
Hour 5 60.3126 59.8906 59.2212 51.7346 33.9220 33.5808 37.1390 46.9318 49.9918 54.9910 
Hour 6 60.2348 60.0091 59.2823 51.2112 48.2071 40.7850 41.2236 44.1951 50.0255 55.0280 
Hour 7 61.7065 61.2190 60.5111 52.7660 56.6407 46.2672 46.2665 44.8522 51.1059 56.2164 
Hour 8 72.0210 71.2920 70.1714 55.5450 30.7629 30.7596 37.3143 40.5826 50.3482 55.3830 
Energies 2019, 12, x FOR PEER REVIEW 15 of 18 
 
Hour 9 59.6538 59.2193 58.5192 50.4304 63.6206 46.3675 45.9280 38.7845 52.4694 57.7163 
Hour 10 63.8376 63.4229 62.5894 52.8985 40.6647 38.5312 40.3515 45.1444 53.4969 58.8466 
Hour 11 70.6866 69.9749 68.8971 54.9136 27.6230 27.5911 35.2202 41.7990 50.9478 56.0425 
Hour 12 68.9173 68.3366 67.3818 55.2606 41.9605 38.5358 40.9826 43.4697 52.3659 57.6024 
Hour 13 64.6456 64.1633 63.3132 52.9436 32.3582 31.5162 36.1046 44.7830 50.4011 55.4412 
Hour 14 68.1243 67.1946 66.2050 53.6897 45.2849 40.2787 41.5617 39.2924 51.8961 57.0857 
Hour 15 77.3472 76.3396 75.1040 58.2513 28.6262 28.7076 37.7480 40.5386 50.1422 55.1564 
Hour 16 74.0179 73.6698 72.5552 57.3796 36.5834 35.4363 40.2615 40.3234 50.9462 56.0408 
Hour 17 72.7026 71.9010 70.8103 56.1345 35.5315 34.6661 39.3576 39.7726 50.2135 55.2349 
Hour 18 75.1341 74.3651 73.1955 57.2444 37.5240 36.4759 40.8464 38.1481 50.2537 55.2791 
Hour 19 70.4893 69.9243 68.9806 56.8986 63.1603 51.1618 51.1398 38.1952 53.7179 59.0897 
Hour 20 90.0790 89.4097 87.8955 66.0627 30.6166 32.7061 44.5817 38.5313 51.2693 56.3962 
Hour 21 72.9250 72.4852 71.4642 57.2781 44.5136 41.6715 44.0290 38.2162 56.4074 62.0482 
Hour 22 69.5078 68.3668 67.3470 53.8900 37.1964 35.8036 39.0643 38.5332 54.3579 59.7937 
Hour 23 70.0484 69.6090 68.6537 56.6512 59.8959 49.6890 49.7032 40.4218 53.2979 58.6277 
Hour 24 56.7456 56.3199 55.5790 46.7811 33.0590 31.2034 33.3676 38.3445 64.6311 71.0942 
Node No. 11 12 13 14 15 16 17 18 19 20 
Hour 1 54.1081 50.5855 46.0875 44.7456 35.3047 25.7453 49.7105 35.4170 26.1208 25.9488 
Hour 2 51.7236 50.3445 47.8200 46.7134 37.8536 29.1582 49.9537 40.2191 31.2779 31.1271 
Hour 3 54.3675 51.3623 45.1763 40.7143 31.6600 21.1181 51.0356 43.0089 35.4623 35.3304 
Hour 4 53.8731 51.4255 46.4733 43.5065 34.3087 24.3816 51.1668 44.6069 37.9960 37.8745 
Hour 5 51.9467 50.9341 49.0610 48.4082 39.0532 30.5918 50.7221 45.1699 39.1410 39.0242 
Hour 6 51.3066 49.8506 46.9020 45.3095 36.2103 27.2829 49.6736 44.8413 39.1515 39.0360 
Hour 7 52.2445 50.6172 47.4860 45.9142 36.8016 27.8913 50.4070 45.1037 39.3228 39.2076 
Hour 8 50.8360 48.7091 44.1013 41.0575 31.8666 21.3437 48.5566 44.1770 38.6343 38.5179 
Hour 9 52.3018 49.4738 43.5577 39.5966 29.3700 17.2155 49.2713 44.1255 38.3480 38.2301 
Hour 10 54.3000 52.1931 48.2816 46.3746 36.7013 27.3680 51.9234 45.6230 39.5052 39.3897 
Hour 11 51.6829 49.6546 45.2476 42.3900 33.2849 23.2977 49.4998 44.9943 39.3993 39.2845 
Hour 12 52.9842 50.8287 46.5780 44.1992 35.0247 25.4320 50.6144 45.2823 39.5316 39.4170 
Hour 13 51.7051 50.2120 47.2589 45.8176 36.6459 27.6235 50.0282 45.1247 39.4647 39.3501 
Hour 14 51.9730 49.3827 43.7844 39.8147 30.3185 19.0701 49.2116 44.5565 38.9702 38.8546 
Hour 15 50.5211 48.3266 43.7034 40.9399 31.3684 20.1573 48.1649 43.6773 38.0939 37.9760 
Hour 16 51.1041 48.7023 43.7603 40.7302 31.1775 19.9426 48.5071 43.4549 37.6395 37.5197 
Hour 17 50.4220 48.1032 43.2388 40.2295 30.5039 18.9170 47.9215 43.0252 37.1790 37.0577 
Hour 18 50.1500 47.5764 42.0906 38.4792 28.4809 15.5972 47.3952 42.5038 36.6134 36.4903 
Hour 19 53.1562 49.8808 43.1425 38.5692 28.3725 15.1925 49.6243 43.5000 37.2428 37.1207 
Hour 20 51.1983 48.4743 42.5615 38.5943 28.7701 15.8577 48.2927 43.2795 37.3198 37.1984 
Hour 21 55.6171 51.8483 44.0882 38.5362 28.4171 15.2929 51.5608 44.9563 38.6616 38.5433 
Hour 22 54.1611 50.9718 44.0340 39.1087 28.7767 15.8746 50.7701 45.4186 39.5082 39.3929 
Hour 23 53.3906 50.6155 44.7480 40.9330 31.0949 19.5983 50.4247 45.3936 39.6974 39.5833 
Hour 24 63.3091 58.1787 47.7707 39.5037 28.7623 16.1240 57.7734 49.4686 43.0386 42.9313 
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